Introduction
Commercially competitive access to space using launch vehicles requires the development of advanced structures and thermal protection systems which are durable, highly operable, and require minimal maintenance.
A joint NASA and aerospace industry program is in progress to develop a reusable launch vehicle (RLV) which will fly single-stage-toorbit missions. This vehicle design utilizes composite materials for the primary structure including the cryogenic tanks.
One of the thermal-structural challenges forthe RLV is the cryogenictank system.
The cryogenictanks are insulated on the interior to containliquid propellants at temperatures as low as -423°F and thermallyprotected on the exterior to limit the external temperature of the structure to approximately 250°F. In addition to performing for these thermal conditions, the cryogenic tank structures should support the appropriate mechanical loading conditions and internal pressure corresponding to the mission conditions, and be reusable. There are four cryogenic-tank structural designs that are currently being developed by different aerospace companies with appropriate cryogenic and thermal protection systems.
These full-scale cryogenic insulated curved panels need to be experimentally investigatext with and without a thermal protection system to ensure that all aspects related to the structural response are evaluated and well understood. Pressurized structures of stiffened-skin construction exhibit local deformations, such as skinpillowing, which could affect the integrity of the internal and external insulation on the tank structure. Figure 1 . The test conditions for Panel 1, which is made of a graphite-epoxy material system and has a radius of 192.0 in., are presented in Table 1 . The panel will first be subjected to a 14-psig internalpressure condition with an internal temperature of -423°F to simulate the liquid hydrogen temperature.
The panel exterior condition for this test case will be referred to herein as the "float" condition. Figure 2 . The stringers and the frames are J-section stiffeners. The ten stringers are cocured with the skin while the frames rest on the stringers, and are attached tothepanelskinand stringers with clips. The paneledgesarcreinforced tofacilitate loadintroduction.
The stringers arespaced5.03-inches apartand theframe spacingis31.5inches. The flames arcapproximately 9-inchestall. This panel will be testedfirst in the cryogenicpressurebox and discussions of structural analysis in the presentpaper willbe limitedto this panel.
Simulation of Cryogenic-Tank
Loading Conditions in 1).
The hoop load distribution between the skin and frame elements is first determined by performing a finite element analysis of the shell structure. All analysis results presented in the present paper were obtained from the STAGS nonlinear finite element code (Ref. 2) . A finite element model of the structure that represents the tank shell is presented in Figure 4 .
The model utilizes shell elements for the skin, frame, stringers and clips and has a total of 11,424 degrees of freedom.
Since the panel is subjected to high internal pressure loading conditions, the influence of nonlinear effects on the panel response was investigated first. The hoop load results obtained from linear and nonlinear analyses are compared in Figure 5 for the panel subjected to 35 psig of internal pressure.
Although the maximum out-of-plane displacements for the linear and nonlinear analyses are 0.8164 in. and 0.7768 in., respectively.
The variation in the panel stress states for the two analyses is small.
The stress 
Structural Analysis of the Pressure Box
A finite element analysis of the pressure box was conducted to ensure that the stress levels in the box are within the allowable strength values for the material, and that the warm and cold surfaces on either side of the vacuum jacketed portion of the box do not come into contact with one another due to the pressure loading on these surfaces.
A quarter model of the pressure box has been developed using the Images 3D modeling code (Ref.
3) and is shown in Figure 12 (a). The analysis results for this case are presented in Figure 14 (c). The load introduction structure for this case is cold at -315°F and the heat load through the finger elements is approximately 0.05 Btu/sec. The results of this analysis suggests that the load plates need to be cooled to limit the thermal loads into the cryogenic box through the load-introduction structure.
Cooling the load introduction plates will be done by means of liquid nitrogen trace cooling. From this analysis, it was also determined that the thermal loads from the test panel, the pressure-box assembly, and the turnbuckles will be 0.52 Btu/sec, 0.19 Btu/sec, and 0.095 Btu/sec, respectively.
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As mentioned previously in the present paper, the test panel essentially acts as a cover plate for the cryogenic pressure box and is connected to the box by a C-shaped seal. Also, the load-introduction structure and the finger elements need to be insulated from within and sealed to minimize liquid helium consumption. Two seals are used for this purpose as shown in Figure 15 . The finger seal protects and seals the load-introduction structure and the finger elements, while the C-seal attaches the test panel to the pressurebox transition channel to minimize the cryogen loss. The finger seal is made of layers of Teflon material which will be bonded to the test panel using a suitable 5 American Institute of Aeronautics and Astronautics adhesive.
The C-seal will be made of Teflon-reinforced Teflon sheets to support the 52 psig internal pressure condition at cryogenic temperatures.
Heater Systems
Two heater systems are needed to generate the test conditions outlined in Tables 1-4. One heater system will be used to heat the TPS covered external surface of the test panel to a maximum of 1000°F and the second heater system will be used inside the cryogenic pressure box to simulate the soak temperature condition of 250°F on the interior surface of the cryogenic-insulated test panel.
The interior heater may also be used to heat the pressure box so that elevatedtemperature test conditions can be achieved more readily after a cold test condition.
An array of quartz lamps will be used to heat the external surface of the panel and a heater coil system will be used inside the cryogenic box. The heater array will have a 8-ft.-square planform with approximately five quartz lamps per square foot, which amounts to a total of 268 lamps. The lamps will be mounted on a 0.032-in.-thick aluminum sheet with specular finish and provisions will be made for the heater support structure to allow for the thermal expansion of this aluminum reflector. The backside of the reflector is roughened and painted with a high emissivity paint. A photograph of the heater is presented in Figure 16 . The heater surface will be positioned at a distance of six inches away from the test panel surface to minimize individual lamp effects on the test surface.
A mock-up heater array was fabricated and tested to ensure that the reflector performs adequately at heat fluxes needed to produce 1000°F on the TPS-covered test-specimen surface.
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